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Carbon nanotube (CNT) reinforced composites have been identiﬁed as promising structural materials for
the mechanical components of microelectromechanical systems (MEMS), potentially leading to advanced
performance. High alignment and volume fraction of CNTs in the composites are the prerequisites to
achieve such desirable mechanical characteristics. In particular, horizontal CNT alignment in composite
ﬁlms is necessary to enable high longitudinal moduli of the composites which is crucial for the perfor-
mance of microactuators. A practical process has been developed to transfer CNT arrays from vertical
to horizontal alignment which is followed by in situ wetting, realign and pressurized consolidation pro-
cesses, which lead to a high CNT volume fraction in the range of 46–63%. As a result, SU8 epoxy composite
ﬁlms reinforced with horizontally aligned CNTs and a high volume faction of CNTs have been achieved
with outstanding mechanical characteristics. The transverse modulus of the composite ﬁlms has been
characterised through nanoindentation and the longitudinal elastic modulus has been investigated. An
experimental transverse modulus of 9.6 GPa and an inferred longitudinal modulus in the range of
460–630 GPa have been achieved, which demonstrate effective CNT reinforcement in the SU8 matrix.
Crown Copyright  2011 Published by Elsevier Ltd. All rights reserved.1. Introduction
Considerable research has been focused on carbon nanotubes
(CNTs) reinforced polymers since initial work was conducted by
Iijima [1]. CNTs have exceptionalmechanical, electrical and thermal
properties and their incorporation into polymermatrices can poten-
tially lead to multifunctional composites with greatly enhanced
properties [2–5]. However, to maximize the effectiveness of the
reinforcement and hence the relevant properties of the composites,
CNT alignment [6], dispersion [7] and volume fraction [8] have
always been the major challenges in the ﬁeld. Recently, a strong
interest has emerged to exploit CNT reinforced composites for appli-
cations in the area of MEMS [9–11]. It was reported [9] that, CNT
reinforced polymer composites can exhibit mechanical properties
rivalling those of monolithic materials used in the current genera-
tion of MEMS (e.g. silicon and its compounds). Thus, they could be
exploited as advanced structural materials for the mechanical com-
ponents ofMEMS, leading to high performancemultifunctionalmic-
roactuators. However, to achieve this goal, the key challenge is the
formation of composite ﬁlms containing highly aligned CNTs and a
high volume fraction of CNTs.011 Published by Elsevier Ltd. All rProcess development to achieve composites with controlled ori-
entation of CNTs has been frequently reported [12–15]. However,
these processes tend to induce detrimental structural damage to
the CNTs. An in situ polymerization process has also been devel-
oped [16] which can maintain the required CNT nano-morphology
as well as their natural alignment generated by the growth process.
The as-grown CNTs are vertically aligned and can be easily wetted
by a polymer solution. This technique avoids the damaging step
conventionally used to mix CNTs and polymers. Nonetheless, this
method requires delamination and direct handling of free-standing
blocks of CNT arrays before they can be densiﬁed by multi-axial
pressure application and subsequent wetting and curing processes.
This is not practical for parallel fabrication and is particularly
unsuitable for the wafer level processing required by MEMS. For
MEMS applications, it is also crucial to realise composite ﬁlms with
horizontally aligned CNTs. In contrast to vertical alignment, hori-
zontal alignment allows a simple densiﬁcation process (i.e. to
achieve high volume fraction) by a uniaxial pressure. It also facili-
tates surface micromachining processes which include a range of
key microfabrication technologies for MEMS [17]. In contrast to
random alignment, the horizontal alignment can lead to a higher
longitudinal modulus of the composites which is advantageous
for MEMS actuators with in-plane or out-of-plane bending mecha-
nisms [9]. The high elastic moduli are potentially advantageous forights reserved.
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material is required as well as for resonators where a high speciﬁc
modulus (modulus/density) leads to a high resonant frequency.
Detailed analysis of the material performance indices for typical
MEMS actuator materials has been reported previously [18–20].
We report here, for the ﬁrst time, a practical and effective pro-
cess to develop a SU8 epoxy thin ﬁlm composite reinforced by hor-
izontally aligned CNTs with a high volume fraction. The elastic
properties of the composite ﬁlms have been studied and extremely
high elastic moduli have been demonstrated. The developed pro-
cess is also compatible with wafer-level processing. Thus, the
developed SU8/CNT composite ﬁlms are attractive for exploitation
as superior mechanical structural materials for MEMS.2. Experimental
2.1. Growth of aligned CNT arrays
Silicon (100) chips (1 cm2) covered with 1 lm thick thermal
oxide were used as substrates. The substrates were supplied by Sil-
tronix with thickness of approximately 525 lm. Six substrates
were used for each session. Photolithography was carried out to
generate resist patterns, consisting of parallel lines on the sub-
strates. Subsequently, a support layer of Al2O3 (7 nm) followed
by a thin Fe catalyst layer (5 nm) was sputter deposited onto the
photoresist patterned substrates. A resist lift-off process was con-
ducted to obtain catalyst lines which are 10 lm wide and
100 lm apart. The catalyst patterned substrates were then loaded
into a horizontal quartz tube furnace for CNT growth by thermal
chemical vapour deposition (CVD) at atmospheric pressure. For
the growth process, the substrates were ﬁrstly annealed in a gas
mixture of hydrogen (300 sccm) and argon (1120 sccm) at 875 C
for 5 min. CNT growth was then enabled at 875 C in a gas mixture
of argon (1120 sccm) and ethylene (300 sccm). In this work, all
CNTs have been grown for 20 min when the ethylene gas was
turned off and furnace was cooled down.
2.2. Formation of SU8/CNT composite ﬁlms
The substrateswith vertically alignedCNTarrayswere immersed
in, and then pulled out of the SU8 2000.5 solution as shown in Fig. 1.
SU8 2000.5 supplied by MicroChem Corp. consists of epoxy-based
negative resists which are formulated in cyclopentanone solvent.
It was chosen as the matrix material because it has low viscosity
(2.66 cP) and SU8 is also extensively used for microfabrication. The
in situ wetting process induces a capillary force between the CNTs
followed by the pulling process, which redirects the vertically
aligned CNT arrays into horizontal alignment. This process was car-
ried outmanually and slowlywith particular attention to ensure the
substrate was perpendicular to the surface of the epoxy solution.N2
(a) (b) (c)
Fig. 1. Schematic illustration of the realign and densiﬁcation processes (not to scale
achievement of horizontally aligned CNTs by directionally pulling the substrate out of the
applying arbitrary pressure on the top and (e) baking at 95 C for 5 min followed by a hNitrogen gas was blown along the ‘‘falling’’ direction of the CNT
arrays to improve further the ﬂatness of the CNT ‘‘ribbons’’. In order
to achieve a high CNT volume fraction, further densiﬁcation was
achieved by manually applying an arbitrary pressure to the top
surface, as shown in Fig. 1d. Particular attention was paid to ensure
the pressure was perpendicular to the surface of the substrate. The
samples were ﬁnally baked at 95 C for 5 min followed by a hard
bake at 200 C for 20 min. As comparative studies, a blank substrate
without CNTs on top underwent the same procedures depicted in
Fig. 1 to obtain a control sample that contained a pure SU8 ﬁlm
which remained on the substrate during all the subsequent
characterisation.2.3. Characterisation
The micro/nanostructure of the as-grown CNT arrays and the
fabricated composites were characterised using a scanning electron
microscope (SEM) with a ﬁeld emission gun (JEOL JSM-6500F).
Using a MTS Nano Instruments Nanoindenter II with Berkovich
geometry diamond indenter, nanoindentation tests were carried
out according to ISO14577-4 [21] indenting in the direction perpen-
dicular to the substrate and the composite ﬁlm planes. This led to
the acquisition of the transverse elastic modulus of the composite
ﬁlms. Three samples were tested by nanoindentation including
sample A, B, and C which contain a pure SU8 ﬁlm, a SU8 ﬁlm rein-
forced with horizontally aligned CNTs without the densiﬁcation
step and a SU8 ﬁlm reinforced with horizontally aligned CNTs with
the densiﬁcation step, respectively. The quasi-static nanoindenta-
tion tests were designed, performed and analysed using previously
describedmethods [22]. For each sample, ﬁve indentations at 50 lm
intervals were performed on selected areas at each of three maxi-
mumapplied forces (2, 1, and 0.4 mN). In all cases, the forcewas also
applied at a constant rate over a period of 20 s. The maximum ap-
plied force was then held for 60 s to minimize the inﬂuence that
creep has upon themeasurement of contact stiffness. These precau-
tions are necessary to ensure the measured transverse moduli are
close to the true values. Furthermore, the maximum penetration
depth during the indentation was controlled to be within 500 nm,
much smaller than the thickness of the composite layers (5–
10 lm). An Olympus LEXT OLS3100 confocal laser scanning micro-
scope was used to identify the indent locations, layer thicknesses
and surface morphology of the indented samples. Multiple surface
roughness values were obtained across the nanoindentation area
for each sample and average surface roughness values are presented
here. It was, however, difﬁcult to conduct nanoindentation on the
cross-section of the layer, namely along the CNT axis, due to the rel-
atively small layer thickness (<10 lm) of the composites. Thus, the
longitudinal elastic moduli of the composites have been deduced
from the transverse moduli based on a volume averaged rule-of-
mixtures. (d) (e)
). (a) In situ wetting of vertically aligned CNT arrays in SU8 epoxy solution, (b)
solution, (c) blowing nitrogen gas along the arrow direction, (d) CNT compaction by
ard bake at 200 C for 20 min.
100 m 10 m 100nm
top of CNTs
air
length of CNTs 
(a) (b) (c)µµ
Fig. 2. SEM images showing tilted views of a substrate with as-grown CNT arrays at three magniﬁcations. This is prior to the re-align and densiﬁcation processes.
   100 m    100 m  1 m 
(a) (b) (c) 
Fig. 3. (a) Top optical view of sample B with horizontally aligned CNTs (the arrow shows the ‘‘falling’’ direction of the CNT ribbons. (b) Overlapping CNT ribbons and a typical
area is marked in a red box. (c) SEM image of the composite (dark areas are SU8 and light areas are CNTs).(For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 2 shows the as-grown CNT arrays composed of vertically
aligned CNT forests. Fig. 2a shows the samples before the pulling
process (Fig. 1b). The average diameter of the CNTs was estimated
from high magniﬁcation SEM images (Fig. 2C) which is approxi-
mately 20–30 nm. This indicates multiwall CNTs (MWCNT). In pre-
vious work it was reported [16,23] that the volume fraction of as-
deposited thermal CVD CNTs is typically 1%, which is reﬂected by
the relatively large spacing (>50 nm) between CNTs as observed
in Fig. 2c. Fig. 2c also shows that, although the overall CNT forests
(Fig. 2b) inherit the natural alignment generated from the growth
process, at the micro/nano scale, individual CNT still exhibit a wavy
structure which is characteristic of the CVD growth of nanotubes
[16,23]. The length of the grown CNTs is in the range of 90–
150 lm, varying across the substrates, generally shorter in the
middle of the substrates and longer near the edges. The difference
in growth rate is probably due to a slight variation of the temper-
ature and ﬂow of precursor gases across the tube furnace and the
substrates. The thickness of the substrates could also play a role
to the ﬂow of the precursor gases.
The processes shown in Fig. 1a–e led to ﬂat composite ‘‘ribbons’’
consisting of horizontally aligned CNTs. The transformation of the
CNTs from the vertical to horizontal direction when they were
pulled out of the SU8 epoxy indicates that the capillary force has
effectively overcome the elastic force associated with deforming
the CNTs. Fig. 3a is a top optical view of sample B which shows
the substrate after the pulling process (Fig. 1b). The width of each
individual ribbon corresponds to the length of the CNTs. It is noted
that, since the CNT lengths in some areas are larger than the pre-
deﬁned spacing between arrays (100 lm), overlapped ribbons are
observed in these areas as shown in Fig. 3b. A detailed view in
Fig. 3c suggests that SU8 has effectively inﬁltrated in the voids be-
tween CNTs and provided lateral interconnections for the aligned
CNTs in the composite. It is, however, unknown in this case
whether SU8 has impregnated the hollow core of each CNT. The
composite layer thicknesses for samples A, B, and C at the nanoin-dentation locations are approximately 2.2, 9 and 5 lm,
respectively.
In order to assess the transverse modulus (E\) and volume frac-
tion of CNTs (Vf) in the composites, a simple ‘‘Reuss model’’ [24]
based on the equal stress treatment was used to provide a lower
bound value for E\ for a given Vf, i.e. a higher bound Vf for a given
E\, as expressed in the following equation:
E? ¼ ECNTESU8ESU8Vf þ ECNTð1 Vf Þ ð1Þ
where ECNT and ESU8 are the Young’s modulus of CNT and SU8,
respectively.
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lue for E\, i.e. a lower bound on Vf for a given E\, as follows:
E? ¼ ESU8ð1þ ngVf Þð1 gVf Þ ð2Þ
in which
g ¼
ðECNT
ESU8
 1Þ
ðECNT
ESU8
þ nÞ
n is a parameter which accounts for the ﬁbre packing conﬁguration.
The value of n is approximately unity as the reinforcement across
the transverse cross section is similar [26]. n = 1 was thus used in
all subsequent calculations.
Fig. 4 shows the comparison between the Reuss and Halpin–Tai
estimates. The E\ values obtained from nanoindentation tests can
then be used to estimate the upper and lower bounds of Vf values
using Eqs. (1) and (2), respectively. Since the simple rule-of-mix-
tures has a high degree of precision in predicting the longitudinal
modulus (E//) [27,9], the obtained Vf range can then be input in
the following equation to deduce upper and lower values of E//:
E== ¼ ESU8ð1 Vf Þ þ ECNTVf ð3Þ
Fig. 5 shows typical force–displacement (depth) nanoindenta-
tion curves of the tested samples. The force-increasing part of
the indentation (i.e. curves connecting the origin and maximum
depth point in Fig. 5) is a combination of elastic and plastic defor-
mation which results in the impression of the indenter shape on
the surface, while only the elastic portion of the displacement is
recovered during the unloading phase. The initial part of the
force-removal curve is dominated by the elastic relaxation of the
contact. Thus, the slope of the top part of the force-removal curve
was used to determine the elastic modulus of the ﬁlms according
to ISO14577 parts 1 and 4 [21]. Fig. 6 shows the measured modulus
of the pure SU8 ﬁlms plotted against the ratio of equivalent circular
contact radius, a, to the composite layer thickness, tc. A linear ﬁt to
the data shows a positive slope, indicating the inﬂuence of the
higher modulus (70–75 GPa) of the SiO2 substrate layer immediate
underneath the SU8 layer. The extrapolation of the linear ﬁt to the
modulus axis, at a/t = 0, provides an estimate of the elastic modu-
lus of neat SU8 epoxy as 3.6 GPa at 95% conﬁdence level, which is
not signiﬁcantly different from the reported value of 4.02 GPa for
hard baked SU8 (at 200 C for 30 min) [28]. Any slight softening
is probably due to the slightly shorter hard bake time (20 min) in
this work.0.0
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Fig. 5. Representative nanoindentation force–displacement curves for (a) sample A me
2 mN maximum load.Fig. 7 shows the morphology proﬁle and indent location for the
majority of the areas on sample B. It was observed that, although
each composite ribbon is ﬂat, the simple pull-out process
(Fig. 1b) did not generate completely horizontal surfaces. As ex-
pected, all ribbon surfaces are tilted at an angle and present a
slightly curved proﬁle (Fig. 7C). The average roughness of the in-
dented ribbon surface is 98 nm. Nonetheless, by extrapolating
the linear ﬁt in Fig. 7d, an elastic modulus of 6.4 GPa was obtained
which is almost twice that of neat SU8. By inputting ECNT = 1 TPa
[29,30] and ESU8 = 3.6 GPa into Eqs. (1) and (2), an upper and lower
bound Vf of 44% and 28% are obtained as indicated in Fig. 4, sug-
gesting that high volume fraction CNT reinforcement has been
achieved. We acknowledge that the precise value of ECNT for the
CNTs in the work may differ from the ideal value of 1 TPa. None-
theless, since ECNT is much greater than ESU8, some variation of ECNT
value in Eqs. (1) and (2) will not signiﬁcantly affect the results
obtained.
A non-uniform morphology across specimen C was observed,
which contained patches with different ribbon heights. This was
due to the length difference of the as-grown CNTs across the spec-
imen. The non-uniform morphology can be avoided in future by
designing an appropriate array spacing that matches the desired
length of the CNTs. For areas in sample C with CNT lengths greater0 100 200 300 400 500 600
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Fig. 7. (a) LEXT optical image of sample B with triangles indicating the indentation locations. (b) LEXT 3D optical image. (c) Proﬁle of a cross-section as indicated in (b). (d)
Nanoindentation results and the linear ﬁt.
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proﬁle and the average roughness of the indented ribbon surface
is 54 nm. Although these higher patches have been effectively den-
siﬁed by the applied pressure, they also impeded the consolidation
of the adjacent low proﬁle regions. Fig. 8 shows the CNT/composite
ribbons with a mixture of overlapping and non-overlapping areas.
It is observed that the applied pressure has indeed led to a more
planar, horizontal surface in the region with elevated proﬁle. In
these areas, compression has taken place to bring the CNTs into
closer arrangement (i.e. higher density). This is also indicated by
the greater ribbon height in Fig. 7C (14 lm) than that in Fig. 8C
(8 lm). Since the non-overlapping areas have not been com-
pressed effectively, in these areas, nanoindentation results in
Fig. 8d suggest an elastic modulus of 6.9 GPa, similar to that of
sample B. This corresponds to an upper bound Vf = 48% and a lower
bound Vf = 32% indicated in Fig. 4.
Nanoindentation tests have also been carried out on sample C
areas where only single layers of CNT/composite ribbons are pres-
ent. Fig. 9 shows that, in these areas, all the CNT/composite ribbons
have been uniformly densiﬁed by the applied pressure and the
average roughness of the indented ribbon surface is 90 nm.
Fig. 9d indicates a transverse modulus of approximately 9.6 GPa,
over 2.5 times greater than that of neat SU8. This transversemodulus suggests that Vf between 46% and 63% has been achieved
(Fig. 4). We acknowledge that the estimation of upper and lower Vf
values from E\ is prone to some error. However, it has been proven
[31] that transverse moduli of long ﬁbre composites, which is the
case for this work, agree well with the Halpin–Tsai model. Direct
observation of Vf using microscopic means has proven to be difﬁ-
cult and is also prone to some error as it is challenging to gain clear
observation of individual CNTs across a relatively large cross-sec-
tion area. Nonetheless, SEMwas used to observe the vertical ribbon
edge of a CNT/SU8 composite layer after consolidation in sample C
with a view to gaining cross-section information as shown in
Fig. 10. We assume that the ‘‘white dots’’ in Fig. 10b represent ends
of individual CNTs. By using ImageJ for image processing, the CNT
content was highlighted in Fig. 10c. An adaptive threshold algo-
rithm [32] was employed to roughly assess Vf. This led to the
approximate estimation of Vf  50% which seems to be in line with
the above-predicated range of 46–63%. To the best of our knowl-
edge, this is the highest Vf reported for composites with horizon-
tally aligned CNTs.
Despite the possible error associated with Vf estimation, the
correlation between the increasing Vf values and the consolidation
process was clearly observed. This indicates an effective densiﬁca-
tion process demonstrated by samples B and C. In particular, for
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rays from vertical to horizontal alignment, but also effectively
brought the CNTs into a closer arrangement probably assisted by
the surface tension [33]. Thus, Vf is increased as in Fig. 3c in com-
parison with that in Fig. 2c, which led to improved mechanical
properties. The subsequent pressurized consolidation process has
been proven to be effective for sample C, leading to a further
improvement of Vf to 46–63% (Fig. 10) and thus the increased
transverse modulus. This differs from a previously reported ‘‘dry’’
densiﬁcation process [16], in which the CNT forests were com-
pressed prior to the polymer wetting process. The consolidation
step in the present work was carried out immediately after the
in situ CNT/SU8 wetting. This allows both capillary forces and ap-
plied pressures to contribute to Vf improvement. We believe that Vf
could also be tailored by careful control of the applied pressure.
Furthermore, we acknowledge that the direct measurement of
the original CNT alignment and the extent to which this may be
improved by the realign and consolidation process is as yet not
possible. However, we believe the vertical alignment of the as-
grown CNTs was likely transferred to horizontal alignment through
the developed process. The alignment is anticipated to be signiﬁ-
cantly higher than those achieved by conventional means in whichrandomly arranged CNTs are combined with polymer matrices to
form composites.
Longitudinal moduli of the composites have been deduced from
Eq. (3). By inputting the Vf values of sample B (28–44%) and C
(46–63%) into Eq. (3), longitudinal moduli of approximately 280–
440 GPa and 460–630 GPa were obtained for sample B and C,
respectively, as shown in Fig. 11. These are over two orders of mag-
nitudes higher than that of neat SU8 and also easily exceed that of
silicon (130–185 GPa). Furthermore, the developed densiﬁcation
process is compatible and can be practically scaled up for practical
microfabrication processes. Thus, these developed composites are
highly attractive for the exploitation as advanced structural mate-
rials for MEMS such as high performance microactuators. For
example, for bending mode resonators with simple beam struc-
tures (e.g. suspended microcantilevers), the developed composites
can be used to form the beam structures, in which the reinforce-
ment CNTs are well aligned with the beam axis. The high speciﬁc
modulus induced by the horizontal alignment can then lead to a
high resonant frequency [9,34]. The experimental veriﬁcation of
the longitudinal moduli and the achievement of such high perfor-
mance microresonator and microactuator prototypes using these
composites will be the main focus of future work.
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Fig. 10. (a) Cross-section of composite layers in sample C as observed from x-axis direction shown in Fig. 8b, (b) enlarged image of the selected area marked in the red box in
(a), (c) processed image to highlight CNTs in (b) which was used for approximate estimation of Vf. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
L. Jiang et al. / Composites Science and Technology 71 (2011) 1301–1308 13074. Conclusions
A practical process has been developed to achieve SU8 epoxy
composite ﬁlms reinforced with horizontally aligned and high vol-
ume fraction CNTs. SU8 composites with CNT volume fractions ofup to 63% have been successfully demonstrated which has led to
a more than twofold increase of the transverse elastic modulus
(9.6 GPa), compared to that of pure SU8 (3.6 GPa). Based on these
values, the longitudinal moduli of up to 630 GPa is inferred, which
is over two orders of magnitude higher than that of pure SU8, and
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Fig. 11. Estimation of longitudinal modulus for samples B and C, respectively, as a
function of CNT volume fraction.
1308 L. Jiang et al. / Composites Science and Technology 71 (2011) 1301–1308signiﬁcantly higher than that of silicon. The high longitudinal mod-
ulus is crucial for potential applications in high speed MEMS reso-
nators and actuators. Implementation and characterisation of such
microactuators (e.g. microbeams) using the developed composites
will be the focus of future work. We predict that the developed
techniques can also be potentially exploited for various composites
composed of different types of polymer matrices so that multifunc-
tional materials with low density, high strength and high electrical
conductivities could also be obtained, providing advanced materi-
als for a wide range of applications.
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